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Abstract. The concept of inertial frame of reference is analysed. It has
been shown that this fundamental concept of physics is not clear enough. A
denition of inertial frame of reference is proposed which expresses its key
inherent property. The denition is operational and powerful. Many other
properties of inertial frames follow from the denition or it makes them
plausible. In particular, the denition shows why physical laws obey space
and time symmetries and the principle of relativity, it resolves the problem
of clock synchronization and the role of light in it, as well as the problem of
the geometry of inertial frames.
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The concept of inertial frame is a fundamental concept of physics. The
opinion of the author is that not enough attention has been paid to such a
signicant concept, not only in textbooks, but also in the scientic literature.
In the scientic literature, many particular issues related to the concept of
inertial frame have been addressed, but, as far as the author is aware, a sys-
tematic analysis of this concept has not been made. DiSalle's article [DiS20]
in the Stanford Encyclopedia of Philosophy gives an overview of the histori-
cal development of the concept of an inertial frame as an essential part of the
historical development of physics. Thus, DiSalle's article is complementary
to this article in its purpose and content.
The rst part of this article identies the basic properties of inertial
frames. The second part of the article gives a denition of inertial frame




In Philosophiæ Naturalis Principia Mathematica, Newton's goal is to de-
scribe absolute motion. This description also includes relative motion:1
Absolute, true and mathematical time, of itself, and from its own na-
ture ows equably without regard to anything external, and by another
name is called duration: relative, apparent and common time, is some
sensible and external (whether accurate or unequable) measure of du-
ration by the means of motion, which is commonly used instead of true
time ...
Absolute space, in its own nature, without regard to anything external,
remains always similar and immovable. Relative space is some mov-
able dimension or measure of the absolute spaces; which our senses
determine by its position to bodies: and which is vulgarly taken for
immovable space ...
Absolute motion is the translation of a body from one absolute place
into another: and relative motion, the translation from one relative
place into another ...
In this description Newton assumes that the geometry of absolute space is
Euclidean geometry.
Whit his his rst law, the law of inertia, Newton describes the absolute
motion of the body:
Every body perseveres in its state of rest, or of uniform motion in a
right line, unless it is compelled to change that state by forces im-
pressed thereon.
The same is true for the other two Newton laws. However, Newton shows
that these laws also apply to reference frames that move uniformly with
respect to the absolute frame.
The motions of bodies included in a given space are the same among
themselves, whether that space is at rest, or moves uniformly forwards
in a right line without any circular motion.
Today we call these frames inertial frames. Newton assumes that Euclidean
geometry applies to them as well as to absolute space.
1English translation: [NMC46]
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Newton's description of space and time provides a clear basis for his laws.
These are absolute laws of absolute motion. But over time it has become clear
that such an approach is untenable because it invokes phantom absolute
space and absolute time.2 However, inertial frames remain as frames in which
these laws apply. But how to dene them when absolute space and absolute
time are gone? Furthermore, from Newton we inherit the hypothesis that the
centre of mass of the world rests in the absolute frame (Book 3 Hypothesis
I), so that the centre of mass of the solar system, since it is far from other
masses, moves uniformly relative to the centre of the world.3 Thus, we can
connect an inertial frame with the centre of mass of the solar system. This
system can be well experimentally approximated by the requirement that
xed stars have a constant position in it. When we refer to the solar system
as a reference frame below, we will mean this frame. Now, inertial frames
can be dened as frames that move uniformly or are at rest relative to this
frame. Experiments show that, with some limitations, Newton's laws as well
as Euclidean geometry are valid in such frames.
2 Lange
The rst constructive critiques of Newton's conception of inertial frame based
on the concepts of absolute space and absolute time appear in the second
half of the 19th century. Lange [Lan85] gives the following description of an
inertial frame:4
Denition I. An inertial system5 is any coordinate system of the
kind that in relation to it three points P , P ′ , P ′′, projected from the
same space point and then left to themselves  which, however, may
not lie in one straight line  move on three arbitrary straight lines G,
G′, G′′ (e.g., on the coordinate axes) that meet at one point.
Theorem I.6 In relation to an inertial system the path of an arbi-
trary fourth point, left to itself, is likewise rectilinear.
2In brief, Newton's absolute space is a phantom that should never be made the basis
of an exact science. [Lan85]
3Immediately after Hypothesis I Newton makes a stronger claim, Proposition XI, that
the centre of mass of the solar system also rests in absolute space. However, the assump-
tions stated in the proof are incomplete for such a conclusion.
4English translation: [Lan14]
5The terms inertial system and inertial timescale come from Lange.
6In Lange's text, the word theorem has the meaning of a postulate.
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Denition II. An inertial timescale is any timescale in relation to
which one point, left to itself (e.g., P), moves uniformly with respect
to an inertial system.
Theorem II. In relation to an inertial timescale any other point,
left to itself, moves uniformly in its inertial path.
Lange denes a coordinate inertial frame as a frame in which three free
particles released from a single point move in non-collinear straight lines.
His denition assigns an experimentally veriable condition but is not con-
structive in the sense that it does not give how to actually construct such a
frame. Lange then postulates that all free particles in such a frame move in
straight lines. Inertial time is dened as the time at which such a particle
travels the same distance at the same time. This is the global time of an
inertial frame and requires a measure in the geometry of the space of the
inertial frame. Lange assumes Euclidean geometry. Again, the denition
gives an experimentally veriable condition but does not give a construction
of such a time. Lange postulates that any other free particle travels the same
distance in the same inertial time. The premise of the whole description is
the existence of free particles and our ability to identify them.
Lange gives a successful analysis of the assumptions of Newton's rst law.
However, the basis of his approach is to single out the frame of measuring
space and time according to how things will look in it, as a frame in which
the motion of a free particle is the simplest  it is a uniform motion along a
straight line. As Wheeler would say: Time is dened so that motion looks
simple.[MTW73]. Although Lange assumes the concept of a straight line
and Euclidean geometry, we could add to his analysis that space is dened
so that a free particle moves along a straight line.
In the same spirit is another analysis of the concept of inertial frame given
by Thomson[Tho84]. He denes an inertial frame as a frame in which the
bodies aected by the forces move according to Newton's laws, and expresses
the law of inertia as the assertion to the existence of such a frame. So, here
too, an inertial frame is determined by how things will look in it.
3 Modern textbooks
Modern textbooks of classical mechanics (not including the special theory
of relativity) generally dene an inertial frame in one of the following ways
that we can relate to Newton's and Lange-Thomson's approach.
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1. The empirical approach. An inertial frame is a frame that moves uni-
formly with respect to the solar system. It is postulated that Newton's
laws apply in this frame (it is sucient to postulate this for one such
frame).
2. The convenient approach. An inertial frame is a frame in which Newton
laws apply. Most often only the rst law of inertia is mentioned, and
the others are postulated. It is also postulated that the solar system
is such a frame, as well as frames that move uniformly relative to it (it
is enough to postulate it only for the solar system).
Although the concept of inertial frame is a fundamental concept, as a
rule it is not analysed in modern textbooks of classical mechanics  the text-
books start from the concept in the development of mechanics. The internal
structure of an inertial frame is not analysed, especially the mechanism of
measuring space and time in such a frame. It is simply assumed, more often
implicitly than explicitly, that space is Euclidean and time is global. The
empirical approach does not analyse why Newton laws would be valid in an
inertial frame, but states it as an experimentally conrmed statement. In
the convenient approach, Newton laws are valid by denition. However, this
denition is practically useless because, for example, we should examine the
motions of all free particles with all velocities in all directions to determine
whether Newton's rst law is valid. This denition of inertial frame makes
the term empirically unveriable and does not show us how to construct
such a frame. Therefore, as far as inertial frames are concerned, modern
textbooks are a step backwards compared to Newton and Lange. Newton,
using the concepts of absolute space and time, explains why his laws apply
in inertial frames (because these frames move uniformly relative to absolute
space) and why the solar system is inertial (it moves uniformly with respect
to the centre of the world which is the absolute frame). Lange, in addition to
bringing to light the important concept of inertial time, gives an empirically
veriable denition of inertial frame including inertial time in it.
In addition to the assumptions about an inertial frame that its space is
Euclidean, time is global and absolute, and that Newton's laws apply, mod-
ern textbooks of classical mechanics sometimes assume, more often implicitly
than explicitly, that in an inertial frame space is homogeneous and isotropic
and time homogeneous and directed. There is no explanation as to why
this would be the case (often it is not explained clearly enough what that
means). Among the exceptions, the well-known Landau-Lifshiz textbook
[LL76] should be singled out  they dene inertial frame using symmetries.
5
In search of a frame in which the laws of mechanics take their simplest form
they opt for a frame in which space is homogeneous and isotropic and time
is homogeneous. Such a frame they call inertial. Apart from the claim that
such a frame can always be chosen and that there is not one but an inn-
ity of inertial frames moving, relative to one another, uniformly in a straight
line, it is not stated how to operationally nd such a frame. Furthermore,
they assume Euclidean geometry and global time in such a frame. From
this denition they derive Newton's rst law, Lagrangian of a free particle,
restrictions on the form of Lagrangian of a closed system, and conservation
laws, thus showing that such a denition of inertial frame is very powerful.
The Landau-Lifshitz approach, which emphasizes the symmetries of space
and time in an inertial frame, also belongs to convenient approaches that
characterize an inertial frame as the frame in which the laws of mechanics
are the simplest. Unlike this type of denitions that determine an inertial
frame by how mechanical processes look in such a frame, a denition can
be found in textbooks according to which an inertial frame is dened by its
inherent property  it is a frame such that there is no external forces acting
on it. However, neither such a description is suciently precise nor are the
corresponding consequences drawn from the denition. For example, we can
cite a passage from Wikipedia [Wik21]:
In classical physics and special relativity, an inertial frame of reference
is a frame of reference that is not undergoing acceleration. In an inertial
frame of reference, a physical object with zero net force acting on it
moves with a constant velocity (which might be zero)  or, equivalently,
it is a frame of reference in which Newton's rst law of motion holds.
An inertial frame of reference can be dened in analytical terms as
a frame of reference that describes time and space homogeneously,
isotropically, and in a time-independent manner. Conceptually, the
physics of a system in an inertial frame have no causes external to the
system.
If we understand the rst statement as a denition of an inertial frame, we
have a typical situation in this approach  various properties of an inertial
frame are listed and they are in no way related to the denition.
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4 The special theory of relativity
The special theory of relativity has brought key improvements in the con-
ception of inertial frame. In his groundbreaking work [Ein05] Einstein starts
from the established concept of inertial frame  it is a frame in which the
equations of mechanics hold good. Thus he accepts all classical assump-
tions, rst of all Euclidean geometry which he considers realized by means
of an extended solid body and rigid rods. However, in this paper, Einstein
introduces two essential innovations related to inertial frames. The rst is
the generalization of the principle of relativity  not only are the laws of
classical mechanics the same in all inertial frames, but all the laws of physics
are the same in all inertial frames. Another innovation is the analysis of the
concept of time in an inertial frame. Einstein starts from the fact that time
is measured locally  with the same clock. He assumes that in an inertial
frame at each point in space we can have identical clocks that we need to
synchronize to get the global time of the inertial frame. Einstein describes
the synchronization of clocks at dierent places A and B in an inertial frame
as follows:7
We have so far dened only an A time and a B time. We have not
dened a common time for A and B, for the latter cannot be dened
at all unless we establish by denition8 that the time required by
light to travel from A to B equals the time it requires to travel from
B to A. Let a ray of light start at the A time tA from A towards B,
let it at the B time tB be reected at B in the direction of A, and
arrive again at A at the A time t′A.
In accordance with denition the two clocks synchronize if
tB − tA = t′A − tB .
We assume that this denition of synchronism is free from contra-
dictions, and possible for any number of points; and that the following
relations are universally valid:
1. If the clock at B synchronizes with the clock at A, the clock at
A synchronizes with the clock at B.
2. If the clock at A synchronizes with the clock at B and also with
the clock at C, the clocks at B and C also synchronize with each
other.
7English translation: [Lor52]
8This part of the translation is wrong and should read: . . . and the latter can now be
determined by establishing by denition. . . (J.D.Norton).
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Thus with the help of certain imaginary physical experiments we
have settled what is to be understood by synchronous stationary clocks
located at dierent places, and have evidently obtained a denition of
simultaneous, or synchronous, and of time. The time of an event
is that which is given simultaneously with the event by a stationary
clock located at the place of the event, this clock being synchronous,
and indeed synchronous for all time determinations, with a specied
stationary clock.




to be a universal constant  the velocity of light in empty space.
It is essential to have time dened by means of stationary clocks
in the stationary system, and the time now dened being appropriate
to the stationary system we call it the time of the stationary system.
In short, Einstein a) gave the denition of synchronization of two clocks
by light, b) postulated that all clocks of an inertial frame can be consistently
synchronized in the sense that synchronization of two clocks is an equivalence
relation with exactly one equivalence class, c) that once synchronized clocks
remain synchronized, and d) that the two-way speed of light (the speed
measured on the same stationary clock) is the universal constant of an inertial
frame.
Having thus obtained the global time of an inertial frame (stationary
system, in Einstein's words), Einstein can dene the concept of one-way
velocity in an inertial frame and state his second postulate (the light princi-
ple):
Any ray of light moves in the stationary system of co-ordinates with
the determined velocity c, whether the ray be emitted by a stationary




where time interval is to be taken in the sense of the denition in  1.9
Although Einstein, with his generalized principle of relativity and the
light principle based on the analysis of the concept of time in an inertial
frame, revolutionized physics, some things remained insuciently claried
in the key part of his article quoted above:
9Einstein refers here to the time of the stationary system previously described.
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1) The problem of the conventionality of the denition of synchroniza-
tion [Rei28]. Every denition of synchronization which is of the form
tB = tA + ε(t
′
A − tA), where 0 < ε < 1, is in accordance with the prin-




other choices or is it just a pleasant convention with no physical sig-
nicance? This problem has generated controversy that is still present
today [AVS98, Jam06, Jan18].
2) The problem of consistent synchronization (in Einstein's sense) of all
clocks. What properties of light are needed to achieve this? In partic-
ular, what is the role of the postulate of the constancy of the two-way
speed of light in clock synchronization?
3) The problem of possible circularity. Light signals are used for synchro-
nization in order to express the light principle about light with the help
of such synchronized clocks. For example, from the very denition of
synchronization it follows that the one-way speed of light in opposite
directions is the same. If we add to this the postulate of the constancy
of the two way speed of light, we get the light principle as a consequence
of synchronization and not as an additional postulate. Thus, although
Einstein introduces the clock synchronization procedure to articulate
the light principle, in his work it remains unclear which properties of
light are required for synchronization. The problem of circularity also
occurs at a deeper conceptual level because Einstein uses clock syn-
chronization to dene the global time of an inertial frame. However,
he describes an inertial frame as a frame in which the equations of
mechanics hold good. These laws contain the law of inertia, which
presupposes the global time of an inertial frame in its formulation, and
which Einstein's clock synchronization has yet to establish.
In [Min09], Hermann Minkowski gave the formulation of the special the-
ory of relativity in terms of a certain structure in the space of events. In
short, the Minkowski event space is a 4-dimensional ane space in which
worldlines of free particles and light are special types of straight lines (time-
like and lightlike straight lines), and and in which the metric tensor is given
that is directly related to light signalling and time measurement by means of
free-moving clocks. It is an elegant mathematical reformulation of the spe-
cial theory of relativity that does not introduce essentially new elements into
the concept of an inertial frame. We can understand Minkowski space as the
structure in the event space generated by the structure of an inertial frame
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in a way that is invariant to the choice of an inertial frame. The light princi-
ple and the principle of relativity are automatically built into this structure
(the principle of relativity as a condition on the physical laws that must be
formulated in terms of Minkowski space). Conversely, inertial frames can
be understood as decompositions of Minkowski space to which the structure
of Minkowski space is isomorphically transferred. In such a decomposition
the space of an inertial frame is still Euclidean and the decomposition it-
self corresponds to Einstein's clock synchronization ([Mal77]). However, in
Minkowski's formulation the inherent property of an inertial frame becomes
more visible. Namely, the worldlines of free particles are timelike straight
lines in that space, so each inertial frame is identied as a class of all mu-
tually parallel timelike straight lines. If we imagine that each such straight
line is a worldline of a free particle, and not a particle acted upon by forces
in equilibrium, then an inertial frame is a class of all free material particles
that are at rest with each other. Thus, an inertial frame in this space of
events naturally appears as a frame by which we can identify all events and
whose main feature is that it is free, that its elements do not enter into any
interactions.
5 The general theory of relativity and quantum
physics
Here we will dwell only on some general observations on inertial frames in
general relativity and quantum physics.
As is well known, the general theory of relativity sets physical limits on
the concept of an inertial frame. Regardless of how we describe an inertial
frame, the essential concept is the concept of free particle, the concept that
is incompatible with the ubiquity of gravity. Thus inertial frames can only
be realized approximately, within a limited space and time. Nevertheless,
inertial frames are the key idealization of the general theory of relativity,
the innitesimal elements of which the whole theory is composed. Note
that even in the general theory of relativity, inertial frames have a natural
inherent description  they are free-falling frames.
Although inertial frames are an essential element of quantum descrip-
tion of the world, they are rarely explicitly mentioned in quantum physics
textbooks. If they are mentioned, they are not analysed, but their proper-
ties from classical (non-quantum) physics are simply transferred. In Bohr's
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approach [How94, Tan04], they are a macroscopic element that is an inte-
gral part of the quantum description of the world and is usually related to
macroscopic measuring instruments. In the second approach [AK84, A+11]
an inertial frame itself must be a quantum mechanical system. Then some
classical properties of an inertial frame must be reformulated. For example,
the property that it is a frame in which free particles move uniformly in
straight lines is transformed into the property that the expected value of
the position of a free particle changes uniformly along a straight line  the
property that is dicult to verify experimentally. On the other hand, the
characterization that an inertial frame is a frame on which nothing acts still
makes sense. Also, in quantum physics, space and time symmetries can be
attributed to an inertial frame, as well as the principle of relativity. How-
ever, the quantum mechanical properties of an inertial frame make the basic
purpose of such a frame problematic  to identify when and where something
happened. What kind of such identication does quantum physics enable,
that is, what kind of structure does it bring into the space of events? In par-
ticular, what geometry does it introduce into the space of an inertial frame?
These are the key unanswered questions ([Pen68]):
I do not believe that a real understanding of the nature of elementary
particles can ever be achieved without a simultaneous deeper under-
standing of the nature of space-time itself.
6 Properties of an inertial frame
After this review, let us summarize which properties are attributed to inertial
frames:
1) A frame in which the centre of mass of the solar system is at rest and
in which the xed stars have a constant position is an inertial frame.
2) The space and time of an inertial frame are such that free particles in
it move uniformly in straight lines. In general, it is a frame in which
Newton's laws apply.
3) An inertial frame is a frame in which the laws of physics have the
simplest form.
4) An inertial frame is a frame on which there is no external forces. Or
even more restrictively, it is a frame composed of free particles (there
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are no external or internal interactions) that are at rest with each other.
5) The space of an inertial frame is Euclidean.
6) The space of an inertial frame is homogeneous and isotropic and time
is homogeneous and directed.
7) The time of an inertial frame is local, the local times can be synchro-
nized and so the global time of an inertial frame can be obtained.
8) Frames which move uniformly in straight lines relative to an inertial
frame are inertial frames and there are no other inertial frames.
9) The principle of relativity: The laws of physics are the same in all
inertial frames.
10) The light principle: The speed of light in vacuum is the same in all
inertial frames, regardless of the mode of light formation.
7 Denition of the concept of inertial frame
For a successful denition of a property, it is not enough that, in addition to
formal correctness, the denition is only extensionally correct  objects that
have the dened property are precisely those objects that we want to single
out from some multitude of objects. Such is, for example, Plato's denition of
man as a two-legged animal without feathers. The most important criterion
that the denition should meet is to be intensionally correct  to single out
objects according to some of their essential properties. Unlike the rst two
criteria, we are not yet able to give this third most important criterion a
suciently precise form.10 But this does not mean that in particular cases
we cannot distinguish better from worse denitions. Of course, in the choice
of a denition, the criteria of precision (how precise the terms we use to dene
a new term) and eectiveness (how eectively we can examine whether an
object has a dened property) are important, too. Of the properties listed
in the previous section, inertial frames are characterized in an extensional
sense by properties 1) together with 8), and properties 2), 3) 4) and 6).
Criterion 1) plus 8) is an experimental determination. Thus its meaning
is poor and we cannot relate it to other properties of an inertial frame. We
can only postulate them independently.
10The criterion of extensional correctness has as precise a form as it is clear to us on an
extensional level which objects we want to single out.
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Criteria 2), 3) and 6) identify an inertial frame by how physical pro-
cesses look in it. These are external characterizations of an inertial frame
that cannot explain its other properties. In addition, these criteria are not
operational  they do not show how to nd such a frame. Criterion 3), in
addition to being imprecise (what does it mean to have the simplest form?),
provides no basis for identifying such frames. Since we do not know all the
laws of physics, we cannot know in which frame they have the simplest form.
Moreover, it is possible that some laws have the simplest form in one type
of frame and another laws in another type of frame. Criterion 2) is clear
because it is limited to Newton's laws. But accepting this criterion would
mean an unnecessary limitation of the concept of an inertial frame to clas-
sical Newtonian physics. The necessary universality can be obtained only if
criterion 2) is limited to the description of the motion of a free particle. The
main purpose of the reference frame is to identify where and when some-
thing happened, and the requirement that in an inertial frame a free particle
moves rectilinearly and uniformly, is precisely the requirement for the space
and time of the frame. But such a requirement is too weak to be related to
other properties of an inertial frame. If we want to reinforce it with other
requirements for space and time, primarily space and time symmetries, then
we come to criterion 6). However, an inertial frame must have inherent phys-
ical characteristics that aect what the laws of physics look like in it and not
to be adjusted so that in it those laws have a certain form. Furthermore,
this second approach only makes sense if we can formulate physical laws
independently of the concept of a reference frame, which is operationally
questionable. This is true for space and time symmetries, too. Such an ex-
ternal characterization only makes sense if we can describe this space and
time structure independently of the concept of reference frame. For exam-
ple, in [Bre85] inertial frames are dened as frames that are isomorphic to
the Minkowski space. However, the structure of Minkowski space is oper-
ationally derived from the structure of inertial frames, so this denition is
only an elegant mathematical solution until we give Minkowski space a direct
physical interpretation. This interpretation must explain why physical laws
must be formulated in Minkowski space, that is, why they must have space
and time symmetries, as well as satisfy the principle of relativity. However,
even if we were to achieve such a denition of an inertial frame, structurally
we would obtain a characterization of an inertial frame that it is a frame that
(due to an isomorphism) has the structure of a Minkowski space. But again,
it is an external characterization that does not tell us why an inertial frame
would have such a space and time structure. Also, the denition would not
be operational.
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Criterion 4) is the only inherent criterion, a criterion that mentions the
properties of the reference frame itself. While the aforementioned charac-
terizations identify an inertial frame by how we describe physics in it, this
characterization determines an inertial frame by what happens to the frame
itself. Thus, in terms of intensional correctness, it is the best criterion. It
is also an operational criterion, unlike criteria 2) 3) and 6). In addition, it
is very powerful. When we clarify the basic idea that an inertial frame is a
free frame, a frame on which nothing acts, we will get a denition of inertial
frame from which almost all the remaining listed properties of an inertial
frame can be derived or at least made plausible. For properties that can-
not be related to the concept of inertial frame, it will be shown that there
are good reasons why, by their nature, they do not fall under the concept.
Therefore, we will take criterion 4) to dene inertial frame.
We will call reference frame any frame that allows us to spatially and
temporally identify events. The same reference frame can provide multiple
coordinate systems for the identication. For example, the Euclidean space
is a reference frame for determining position, and various coordinate systems
for identication can be dened in it. Thus we will distinguish a reference
frame from the coordinate reference frame that can be built in it. An inertial
frame will be a special type of a reference frame.
The condition that there is no external forces on an inertial frame is too
weak. If we look at a solid body that is not aected by external forces, it
can rotate. This rotation is registered by the appearance of internal tensions
in the body. However, the condition that we do not allow internal forces in
an inertial frame is too strong. Since an inertial frame must provide spatial
and temporal determination of events, it must contain certain measuring
instruments. Therefore, we will allow the existence of localized closed parts
within which there is an interaction, but not the existence of a non-localized
interaction, such as interactions caused by rotation, that could disrupt the
symmetries of an inertial frame. This does not preclude the existence of
large-scale solid bodies in an inertial frame, because in the absence of external
forces and rotation we can ignore internal tensions in the body. There can
only be isolated and localized interactions.
Since an inertial frame serves to determine the space and time coordinates
of an event, it must also have the ability to determine that its parts are at
rest relative to each other. Only localized deviations from rest in closed
processes that serve to measure space and time are allowed.
Based on the above considerations, we dene inertial frame as a reference
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frame such that the following holds:
1) There are no external forces on the frame.
2) Interactions within the frame are possible only in localized and closed
parts of the frame.
3) Parts of the frame are at rest, except for possible localized deviations
from rest.
The precision of this denition is limited by the precision of the terms
used in it, but we will show that it is precise enough to be usable.
This denition does not follow from Newton's description of inertial
frames as frames that move uniformly relative to the absolute frame. The
law of inertia states that free frames move uniformly relative to the absolute
frame, but the reverse is not true: frames that move uniformly relative to
the absolute frame do not have to be free  these include frames that are
aected by forces in equilibrium.
Likewise, this denition does not follow from the standard denition of
an inertial frame as a frame in which free particles move uniformly in a
straight line or are at rest. Parts of such a frame are at rest in the frame but
this does not mean that they are free  this includes parts that are aected
by external or internal non-localized forces that are in equilibrium.
This denition of inertial frame is one of the standard denitions of in-
ertial frame, somewhat more precise here than usual. It is suggested by
Newton's approach and by the standard denition through the observation
of a free particle, but it is more restrictive than these denitions, as shown in
the previous paragraphs. Such a denition occurs naturally from the aspect
of event space (whether it has a Galilean structure or a Minkowski struc-
ture), as well as from the aspect of general relativity, where it corresponds to
free-falling reference frames, if we localize them in space and time enough.
The most important term on which the denition of an inertial frame
rests is the concept of interaction. Thus, in order for the denition to be
operational, it assumes that we know what kind of interactions exist. How-
ever, other denitions are based on this same concept, too. For example, the
same assumption lies behind the concept of a free particle in Newton's rst
law. Ultimately, we can understand this denition as a working denition,
which changes every time we discover new interactions.
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If we assume that the interactions decrease with distance then we can
consider that any frame that is far enough away from other bodies and in
which there are no non-localized interactions is approximately inertial. Thus,
the solar system (a system in which the centre of mass is at rest and which
has a constant direction with respect to xed stars) can be considered iner-
tial. Since external actions as well as rotation cause non-localized tensions,
we can experimentally check whether a reference frame is inertial with an
appropriate system of accelerometers and gyroscopes. For Einstein, an iner-
tial frame is tied to the extended rigid body. If there are no external actions
on the rigid body and it does not rotate, then its parts are free and in a
constant mutual position, so it determines an inertial frame. A free observer
with a clock and theodolite, which sends light signals around and measures
the time of sending and receiving signals also forms an inertial frame. Of
course, the denition of inertial frame formulated here is an idealization in
relation to which we can estimate how much the actual frame of reference
corresponds to an inertial one. As already mentioned, the most signicant
restriction on the realization of such frames is set by the general theory of
relativity, but also by quantum physics.
8 Space and time symmetries of an inertial frame
Since an inertial frame is free, the space of this frame is homogeneous and
isotropic. Any inhomogeneity and non-isotropy would mean the existence of
external forces or an unnecessary internal symmetry breaking (e.g. to choose
a dierent unit of measure in each direction). Likewise, any time inhomo-
geneity would mean the presence of external forces or unnecessary internal
symmetry breaking, so such a space is also time homogeneous. These in-
herent symmetries of an inertial frame can be extended to measurements of
space and time but also to the description of all closed processes in such a
frame. By denition, a closed system has no interaction with the environ-
ment, so the events in it are independent of the space and time in which it is
located. When such a system is observed from an inertial frame in which all
points, directions and time moments are equal, then in an inertial frame such
a system can be described in such a way that it has the specied symmetries.
Thus we can set the symmetry principle of describing physical processes in
an inertial frame: In an inertial frame the laws of physics for closed systems
have space homogeneity and isotropy as well as time homogeneity. This prin-
ciple derives not only from how physical processes take place but also from
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how we can describe them in an inertial frame. Note, we do not have to
describe a closed physical process that way. But an inertial frame gives us
the ability to describe them that way, and it is to be expected that such a
description is the best in every respect. I would also note that it makes sense
to state this principle even before we have an elaborate structure of space
and time. Moreover, we can and must (If we want to exploit the advantages
of an inertial frame) apply it to the very determination of the geometry of
space and the structure of time in an inertial frame. The approach to the
description of physical processes in which we try to preserve the original
symmetries of an inertial frame I will call the inertial frame approach.
9 Space and time of an inertial frame
The simplest closed system is a system composed of one (massive) particle
 it is a free particle. The ray of light, if we assume the absence of ether, is
also a simple closed system.
Each closed periodic process, i.e. the process that returns to the initial
state, including the initial position, determines the local measurement of
time at that place. This is the general denition of local clock. It could
be an atomic clock. It can also be a free particle or light that bounces o
something and returns to its starting position (Langevin clock). For a unit
of time we can take some standardized process, for example a free particle
created in the standard way that bounces o something or a light particle
created in the standard way that bounces o something, if we assume that
it is a closed system (that there is no ether). Here we do not have to assume
that no matter how we create light it always gives the same unit of time
(the light principle). Due to space and time symmetries, all closed periodic
processes must measure the same time up to the choice of the unit of measure
and their operation is independent of position, orientation and elapsed time.
Thus, all clocks at all points of inertial frame are equal.
Since free particles or rays of light, assuming the absence of ether, are the
simplest examples of closed systems, their trajectories must be the simplest
examples of curves in the space of an inertial frame. Due to the homogeneity
and isotropy of space, such a trajectory must have the same spatial charac-
teristics at each location. So it is natural to take these paths to dene straight
lines in the space of an inertial frame. Distances can always be measured
by the same standardized periodic process by which we locally dene time
 by means of a standardized free particle or a standardized light (assuming
17
no ether). If since the sending of the standardized free particle (or light)
from the point A, its rejection from the point B and its return to the point
A the elapsed time t is measured on the clock in A, then we can take that
time for the measure of distance. But due to the isotropy of space, it is more




does not change anything signicantly because the measurement is always
determined up to the multiplicative factor. Note that in this way we can also
check an important element of the denition of inertial frame, that the parts
of the frame are at rest. After the reection of a particle or light, there is a
displacement of the body from which the reection is made. However, in an
inertial frame, such localized deviations from rest are by denition allowed,
provided that this shift is subsequently reversed. Due to space and time
symmetries, any choice of standardized free particles or standardized light
(assuming no ether) gives the same geometry up to the unit of measure. Lo-
cally, we can make these measurements more conveniently using rigid rods.
Due to space and time symmetries, such a measuring instrument, as well as
the measuring system generated by it, can be reproduced at any point and in
all directions. And, due to the symmetries, this leads to the same geometry.
The geometry of the space of an inertial frame, the geometry in which the
paths of free particles and light rays are straight lines, and in which the dis-
tance measurement is based on the described measurement of elapsed local
time, is homogeneous and isotropic  all points are equal and all directions
are equal. In [ul17] it is shown that from the assumptions of homogeneity
and isotropy of space, and from the scale invariance principle (all geometric
constructions are independent of the sizes of the objects from which the con-
struction is made)11, axioms of Euclidean geometry can be obtained. This
means that if we nd that the scale invariance principle holds for this ge-
ometry then it is Euclidean geometry. Since the scale invariance principle
does not generally apply to closed systems (the behavior of a closed system
is not invariant to resizing), the scale invariance of this geometry does not
follow from the concept of inertial frame, but we need to experimentally de-
termine whether this geometry satises e.g. Thales theorem on proportional
segments. An inertial frame that satises the scale invariance principle will
be called Euclidean inertial frame.
The symmetries of space and time solve both the problem of clock syn-
chronization (including the question of conventionality) as well as the prob-
11For example, the construction of a triangle with sides 3, 4, and 5 does not depend on
the choice of unit.
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lem of possible circularity of the description, all without any additional as-
sumptions about the geometry of space. Using free particles or light, we
can synchronize clocks in an inertial frame with the same procedure we used
to determine the measurement of distances  we send a standardized free
particle or light (assuming no ether) from one clock to the next and back.
Symmetries give us the freedom to choose the means of synchronization. We
can use any standardized free particle (we standardize the way of generating
its motion) or a standardized ray of light, assuming that the light is a closed
system (that there is no ether). If we assume that the motion of light is
independent of the source of origin (the light principle), then we do not have
to standardize light at all. Due to the above symmetries, whatever standard-
ized process we use, we will always get the same clock synchronization (if we
synchronize them in one way, we will nd for every other way, that it gives
the same synchronization). If we synchronized the clock B with the clock A
and that the synchronized clocks will remain synchronized, we will denote
A sinc B.
Even before synchronization, time homogeneity of an inertial frame tells
us something about the connection of the time read by the clocks at the
places A and B. If we sent the standard signal from the clock at A in the
moments t1 and t′1, and the clock at B received them in the moments t2 and
t′2, then the dierence in elapsed time is on both clocks same: t
′
1−t1 = t′2−t2.
This is equivalent to the condition that the dierence in signal travel time
read on the B clock on arrival and on the A clock on departure is always the
same: t2− t1 = t′2− t′1. We will call this property of clocks time homogeneity
of clocks in an inertial frame.
t′1 − t1 = t′2 − t2
t2 − t1 = t′2 − t′1
If we look at all possible synchronizations that are in accordance with
the principle of causality, they are of the form t2 = t1 + ε(t1, A,B)(t3 − t1),
0 < ε(t1, A,B) < 1, where t1 is the time read on the clock at A when sending
the signal from A, t2 is the time read on the clock at B when the signal arrives
at B, and t3 is the time read on the clock at A when the signal returns to A.
19
Due to the time homogeneity, ε(t1, A,B) must not depend on t1 and due to
space symmetries it must not depend on A and on the direction towards B
 it must be the same number ε for all points. In particular, it must be the
same number to synchronize the clock at A with the clock at B. We can get
this synchronization by reecting the previously described signal once again
back to the point B where its arrival will be read at the moment t4 on the
clock at B.
Synchronizing the clock at B with the clock at A gives
t2 = t1 + ε(t3 − t1)
To get the relationship t3 with t2 and t4, we will eliminate t1 in the above
relationship using time homogeneity of the clocks:
t3 − t1 = t4 − t2
We will get
t3 = t2 + (1− ε)(t4 − t2)
Due to space isotropy, it must be 1− ε = ε, or ε = 1
2
. The conclusion is that
the symmetries of an inertial frame require that the synchronization relation
is symmetric, that is, that ε =
1
2
. Other choices would break the symmetry.
Thus, the concept of inertial frame leads to Einstein's clock synchronization
and not some other. This choice is not just a matter of convention but it
is part of the inertial frame approach to the study of nature. The situation
is the same as when setting symmetry conditions on physical laws. So here
too, an inertial frame allows us to choose Einstein's synchronization, and
we must certainly take advantage of this in the study of nature  to keep
the symmetries of inertial frame, and so to choose Einstein synchronization.
In what follows, we will mean by synchronization precisely this symmetrical
Einstein synchronization.
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It is not dicult to show that time homogeneity of clocks is equivalent
to the condition that once synchronized clocks remain synchronized, and the




With Einstein's synchronization, we can synchronize all clocks with one
clock in a symmetrical way. However, due to space and time symmetries
of an inertial frame, we will get the same result no matter what clock we
take for the synchronizing clock. Thus, an inertial frame realizes Einstein's
assumption of consistecy of synchronization. We can show this in more
detail. It follows from the isotropy of space that if we send a signal from
point A so that it comes to point B, it bounces to point C, from where it
bounces back to point A, the time t← to return to point A (measured at the
clock at A) will be equal to the time t→ it takes for the signal to go around
these points in the opposite direction: from A through C and B back to A
(measured at the clock at A). This condition was considered by Reichenbach
and called roundabout axiom[Rei28].
t← = t→
It is easy to show [Rei28, Mac83] that, assuming time homogeneity of clocks,
the circular isotropy of the synchronization signal is equivalent to the tran-
sitive property of Einstein synchronization. Thus, synchronization is also a
transitive relation. So we got that synchronization is an equivalence relation
(reexivity is trivial  each clock is synchronized with itself). Since we can
synchronize all other clocks with one clock, this means that this equivalence
relation has only one class, that is, that we have a consistent synchroniza-
tion of all clocks in the sense that every two clocks of an inertial frame are
synchronized.
We can now say that after the described synchronization procedure, all
clocks of an inertial frame show the same time  the global time of the inertial
frame. This time is an inertial time because it follows from the invariance
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of synchronization to the choice of a standardized particle or light for the
synchronisation procedure that the time satises the Lange condition: a free
particle travels the same distance at the same time.
Now that we have measures of space and time in an inertial frame, we
can measure in it the (one-way) velocities of all free particles as well as the
light produced in all possible ways.
Note that in this system of choice of units of space and time, a stan-
dardized free particle or standardized light has a velocity equal to 1 (both
two-way and one-way velocity)  during time t it travels the distance t. Of
course, we can have another system of measurement of distances. If the
system respects the symmetries of an inertial frame we will get the same
geometry. Only the unit of measurement of distance will be dierent. Such
is, for example, the standard system of measurement with rigid rods.
We see that Einstein synchronization of an inertial frame can be obtained
without the use of light and so independently, without any circularity, the
light postulate can be set. Even if we choose one standardized light for the
synchronization procedure (assuming that there is no ether, ie that the light
is a closed system), this does not mean that every light, regardless of the
conditions of its origin, has the same two-way speed as the standard light.
The light principle, that every light has the same two-way speed C, is an
additional postulate that goes beyond the concept of an inertial frame  it
does not follow from it. The one-way light principle is then a consequence of
the two-way light principle and clock synchronization. Of course, that speed
is the same in all inertial frames. If we also use light to measure distance,
this speed is equal to 1.
We see that a proper understanding of an inertial frame solves all the syn-
chronization problems that arise in Einstein's article. A nice logical analysis
of the synchronization problem and the role of light in it without assumptions
of space and time symmetries can be found in [Mac83, MM03].
Let us point out at the end that this concept of inertial frame says nothing
about the direction of time. The existence of the direction of time is ubiq-
uitous and inertial frames only inherits this property. Thus this property is
independent of the concept of inertial frame.
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10 The principle of relativity
Since free particles move in an inertial frame uniformly in straight lines, and
an inertial frame is a frame composed of free particles with a constant relative
position, inertial frames also move uniformly in a straight line (in the sense
that all its parts move uniformly in parallel straight lines while maintaining
their mutual position) relative to a given inertial frame. Thus, all inertial
frames are in relative uniform motion with each other. As already stated,
the reversal is not valid. If a frame of reference moves uniformly in a straight
line relative to an inertial frame, this does not mean that it is inertial, ie
that its parts move freely. Such motion can also occur in the presence of
external forces that are mutually in equilibrium. Their presence disturbs
space and time symmetries of the frame and all previous analysis and the
one that follows loses its basis. Here, this conception of inertial frame diers
from the standard one according to which any frame that moves uniformly
relative to an inertial frame is also an inertial frame.
The considerations we have applied to establish space and time symme-
tries of a closed physical process in an an inertial frame, can also be applied
to establish the possibility of the description in an inertial frame of a closed
process that is invariant to the choice of an inertial frame. By denition, a
closed system has no interaction with the environment, so the events in it
are independent of an inertial frame from which we observe it. Since inertial
frames do not dier in the way of observing a closed system then such a
system can be described in a way invariant to the choice of an inertial frame.
Thus we can establish the principle of relativity of the description of physical
processes in an inertial frame: The laws of physics for a closed system are
invariant to the transition from one inertial frame to another. This principle,
as well as the principles of space and time symmetries, derives not only from
how physical processes take place but also from how we can describe them
in an inertial frame. I repeat, we do not have to describe a closed physical
process like that. But inertial frames give us the ability to describe them
that way, and it is to be expected that such a description is the best in every
respect. I think that with these considerations I have supplemented Geroch
in [ELGC05], page 179, who says, among other things:
The principle of relativity, then, hides within itself a subtle distinc-
tionbetween what is and what is not taken as a law of physics. In-
deed, it could be argued that a better perspective is to regard the prin-
ciple of relativity, not as a general principle of nature at all, but rather
as a guideline for distinguishing between those phenomena that are to
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be taken as laws of physics and those that are not. Phenomena that
have the same description in every frame  that is, phenomena that are
compatible with the principle of relativity  are to be accorded the sta-
tus of physical laws, while phenomena that have dierent descriptions
in dierent frames are to be regarded as merely specic phenomena.
This is not a purely philosophical distinction: It can have consequences
as to how physics is conducted.
It is not suciently known that the principle of relativity follows from
space and time symmetries of inertial frames (see, for example, the proof in
[Rin06], page 40). It follows directly from this result that the principle of
relativity is founded in the same way as space and time symmetries.
11 Conclusion
Although the denition of the concept of inertial frame formulated here may
seem insuciently precise and fragile, we see that it leads to a very robust
and powerful properties of inertial frames. It ensures the existence of space
and time symmetries of an inertial frame, as well as the principle of relativity.
These symmetries together with the principle of relativity place certain re-
strictions on the possible laws of physics that guide us in nding them. Also,
powerful conservation laws follow from them. Thanks to the symmetries of
an inertial frame, all clocks are equivalent to each other (robustness)  they
dene the same time up to a unit of measure. Symmetries also ensure time
homogeneity of the clocks at various locations in an inertial frame, which is
equivalent to the condition that once synchronized clocks remain synchro-
nized. Also, symmetries ensure that we use free particles or light (assuming
that once the light is emitted it is a closed system  no ether) to synchronize
the clocks, and again in a robust way  no matter which procedure we choose
to synchronize we will always get the same synchronization  Einstein clock
synchronization. Likewise, no matter which procedure we choose to measure
space, we always get the same space geometry.
From the concept of inertial frame dened herein, we derived or at least
made plausible all the enumerated properties of inertial frames with the
following exceptions, which have been shown to remain clearly separated
from the concept of inertial frame:
1) In order for the geometry od an inertial frame to be Euclidean, it
is necessary to experimentally determine the correctness of Thales'
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theorem on proportional lengths.
2) Although all inertial frames move uniformly with each other, it is not
necessary that a frame of reference that moves uniformly relative to an
inertial frame is also an inertial frame.
3) The speed of light in vacuum is the same in all inertial frames, regard-
less of how it is formed (the light princple).
4) Time has a direction.
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